An improved pilot-aided channel estimation scheme is proposed to enhance the channel estimation accuracy of multiple-input multiple-output-orthogonal frequency division multiplexing (MIMO-OFDM) fading channels. Based on the adaptive path number selection mechanism, the number of paths can be scalable and adaptively changed with the characteristics of MIMO-OFDM fading channels. The fine channel estimation formulas for all data subcarriers are derived. The 2 × 2 space-frequency block code-OFDM (SFBC-OFDM) system and a six-path fading channel model are considered as an example of the high mobility MIMO-OFDM wireless communications system. Through simulations it is shown that 2 × 2 SFBC-OFDM system using the proposed approach can satisfy the performance requirements over frequency selective and frequency nonselective fast fading channels.
Introduction
The cellular mobile communications industry has recently been one of the fastest growing industries of all time, with the number of users increasing incredibly rapidly. Orthogonal frequency division multiplexing access (OFDMA) was chosen as the spectrum access technology of the 4G cellular systems because its orthogonality eliminates intracell interference. The high mobility OFDM wireless communication system will operate in a fast fading channel, where the nonnegligible fluctuations of the channel gains are expected within each OFDM data block. Fast fading involves variations on the scale of a half-wavelength and frequently introduces variations as large as 35-40 dB [1] . The channel estimation in OFDM systems over time-varying fading channels is generally based on the use of pilot subcarriers in given positions of the frequency-time grid [2] . It is advisable to place pilot subcarriers in each OFDM data block in order to ensure adequate estimation accuracy. In [3] , the effect of pilot power on the performance of 16-QAM OFDM system operating in two-ray Rayleigh slow fading channel is presented. The optimum pilot-to-data power ratio (PDR) is analytically derived. As an alternative, the channel estimation algorithm based on subspace tracking has been presented in [4] for OFDM systems, which can effectively reduce channel estimation error by tracking the dominant delay-subspace spanned by the frequency responses.
Increasing demand for high performance 4G broadband wirelesses is enabled by the use of multiple antennas at both base station and user equipment ends. Multiple-inputmultiple-output (MIMO) is one of the best ways to combat channel fading using transmit diversity and receive diversity. The use of MIMO technique in OFDM system is an efficient solution to meet the growing demand for high speed, spectral efficiency, and reliable communication [2] in future-generation wireless networks. The MIMO-OFDM wireless communications have the inherent signal variability generated from the multipath fading channel. The aim of this study is to investigate the channel estimation algorithm in the MIMO-OFDM fading channels. In [5] , it is shown that the space-frequency block code-(SFBC-) OFDM system exhibits error floors caused by imperfect channel state estimation over frequency selective fading channels. Hence, we need a more robust frequency and phase synchronization technology for fast MIMO-OFDM fading channels. The optimum pilot allocation in terms of overhead and channel estimation error is analyzed in reference [6] that maximizes the channel 2 International Journal of Antennas and Propagation capacity for MIMO-OFDM system operating in frequency selective fading channel. Both perfect interpolation and nonperfect interpolation for pilot-aided channel estimations are considered. In [7] , the sequential decision feedback sequence estimation with an adaptive threshold equalizer technique and pilot tone plus interpolation channel estimation scheme are used to design the Alamouti coded small constellation (BPSK and QPSK) OFDM receiver in fast fading channels.
An adaptive path number selection mechanism is proposed for channel estimation over MIMO-OFDM fading channels to provide the suboptimum system performance, whenever the high order modulation MIMO-OFDM system is operated either in frequency nonselective fast fading or in frequency selective fast fading channels. The 2 × 2 SFBC-OFDM system and a six-path fading channel model are considered as an example of the MIMO-OFDM system in the simulations to prove that the acceptable bit error rate (BER) can be achieved by employing 16-QAM and 64-QAM modulations in time-varying fast fading channels. We consider the vehicle speed of 200 km/h, resulting in the Doppler frequency of 1093 Hz to satisfy the fast fading condition for MIMO-OFDM channel [8, 9] .
The rest of this paper is organized as follows. The proposed MIMO-OFDM channel estimation algorithm is described in Section 2, where the fine channel estimation for all data subcarriers is derived. The adaptive path number selection mechanism for the MIMO-OFDM fading channel is presented in Section 3. The BER performance of the MIMO-OFDM system using the proposed suboptimal channel estimation approach is simulated and discussed in Section 4. Finally, concluding remarks are given in Section 5.
MIMO-OFDM Channel Estimation
We consider a generic downlink multiuser MIMO-OFDM channel model. Let the number of transmit antennas be and the number of receive antennas . One OFDM symbol of each user is transmitted across subcarriers. To simplify the formula derivations, the data vector X for each user can be expressed in polyphase representation as
where denotes the transpose of the vector. Thus, the demodulated signal vector is given by
where H is a diagonal matrix whose diagonal elements are the -DFT of the channel impulse response h and V is the -DFT of the channel noise. With reference to the conventional channel estimation approach of a given OFDM system [9] , ten short OFDM training signals are used for packet detection, coarse frequency offset estimation, and timing synchronization. Two periods of the long training signals are used for improving channel estimation accuracy of the short training symbols. A phase-locked loop is adopted in the receiver for estimating and compensating the carrier frequency offset. Each OFDM data block contains pilot subcarriers, which are used to track the carrier phase.
A typical 2 × 2 SFBC-OFDM model, which consists of two transmit antennas and two receive antennas, is used to describe the theoretical analysis and the proposed channel estimation scheme. User data vector X is first encoded into two spatial vectors X 1 and X 2 by the space-frequency encoder. Denote the transmitted signal vector of each user in a space-frequency block as
where X 1 is the data transmitted from the first antenna 1 and X 2 is the data transmitted from the second antenna 2 , simultaneously. Let X and X be even and odd component vectors of X; that is,
Similarly, X 1, , X 1, , X 2, , and X 2, denote even and odd component vectors of X 1 and X 2 , respectively, which can then be expressed in terms of even and odd component vectors as
Note that since the two corresponding signals transmitted from two antennas at the same time slots are orthogonal, the maximum likelihood decoding is reduced to simple linear processing at the receiver. The received signal at the receiver is given by
where Y 1 and Y 2 are the received signals in the first and second received antenna, H 1,1 and H 2,1 are the channel frequency response of the first and second antenna transmitted to the first received antenna, and H 1,2 and H 2,2 are the channel frequency response of the first and second antenna transmitted to the second received antenna. The channel frequency response at all data subcarriers for each transmitreceive antenna pair is defined as
for { = 1, . . . , = 1, . . . , .
Equivalently, (6) can be represented as The received signal at the th receive antenna for the th pilot tone transmitted from th antenna can be written as
where is the frequency tones in each OFDM data block,
, is the transmitted signal of th transmitted antenna, , , is the channel frequency response form th transmit antenna to th receive antenna, and , is the AWGN noise.
Then from (9), the channel estimation at pilot subcarriers based on the least square (LS) algorithm can be obtained aŝ
where
Let { 1 , 2 , . . . , } be the set of pilot tones, which is one of the sets { , + / , . . . , + ( − 1) / }, = 0, 1, . . . , / − 1, used for transmitting the training data. Collect these channel responses in a vectorĤ , , = [̂, , 1 , . . . ,̂, , ] , which is obtained from the FFT matrix. The intermediate processing steps between the LS estimates of the channel gains over the pilot subcarriers and interpolation processing are added in order to ensure adequate estimation accuracy for fast fading channel. The block diagram of the proposed pilot tone channel estimation aided with adaptive path number selection mechanism is shown in Figure 1 . Here ℓ is defined as the number of dominant paths estimated from the adaptive channel path number selector, which chooses ℓ paths with larger power from (ĥ , , ) ×1 , and let { 1 , 2 , . . . , ℓ } be a set of the selected pilot index. Since AWGN assumption for each subcarrier is adopted, and since each pilot tone carries data of constant modulus √ , the minimum mean square error (MMSE) estimation of h , is given by [10] 
, and Q , , is a Vandermonde matrix with distinct twiddle factor :
Other notations are represented as follows: {⋅} is the expectation operator; tr{⋅} is the trace operator; ‖ ⋅ ‖ means 2-norm; I represents the × identity matrix. Therefore, the mean square error (MSE) in the channel estimate can be derived as International Journal of Antennas and Propagation where 2 is the variance of AWGN which is assumed to be known at the receiver, and
where (⋅) * denotes the Hermitian transposition and Q , , depends on the choice of the set of pilot tones. Let the eigenvalues of (Q * , , Q , , )
ℓ×ℓ be denoted by { , = 0, 1, . . . , ℓ − 1}. Then, the eigenvalues of (Q * , , Q , , ) ℓ×ℓ are {1/ , = 0, 1, . . . , ℓ − 1}. Since the trace of a matrix is the sum of its eigenvalues, then
Substituting (16) into (13) yields the MMSE in channel estimate, when such a pilot tone set is used:
If ℓ = , then MMSE is
Equations (17) and (18) show that using less pilot number in the pilot-aided channel estimation can get smaller MSE in the channel impulse response estimate. However, in the frequency selective fast fading channel, less pilot number may cause more linear interpolation loss. The case of ℓ = 1 will not be considered for path number selection mechanism because it cannot reflect the variation of channel characterization of the frequency selective fading channel. The preliminary channel frequency response estimate (H , ) ×1 is obtained by the -FFT of an × 1 estimated channel impulse response
The preliminary channel frequency response estimates at pilot tones for = 1 , 2 , . . . , areH 
For example, the fine correction factor at 1 th pilot tone for = 4 and ℓ = 2 is determined as
From (21), it is observed that the fine correction factor can compensate the power loss caused by less path employed in the preliminary channel estimates. When the number of paths chosen is ℓ, the fine correction factor in a vector for pilot tones is
The fine correction factors for all data subcarriers can be obtained through linear interpolation [11] . Two consecutive fine correction factors in pilot tones are used to determine the fine correction factors for other data subcarriers that are located between the th and ( +1) th subcarriers 
where is the number of data subcarriers between two adjacent pilot subcarriers. The fine channel estimations at pilot tones are expressed aŝ
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The fine channel estimations for those data subcarriers located in the intervals of (0, 1 ) and ( , − 1) are determined with the fine correction factors 
Finally, the fine channel estimate vector is given by
wherêℓ , , , = 0, 1, . . . , − 1 are obtained from (24), (25), and (26).
Assume that the channel frequency responsesĤ , , for = 1, . . . , and = 1, . . . , , are known or can be estimated accurately at the receiver, the space-frequency decoder block constructs the even and odd parts of the decision estimate vectorX aŝ
Substituting (8) into (28) yieldŝ
Adaptive Path Number Selection Mechanism
Although MSE in channel frequency response estimate decreases with the path number, under the more serious frequency selective fading channel condition, less selected path number may cause larger error when the interpolation of fine channel frequency response estimation is conducted for all the data subcarriers. Therefore, an adaptive path number selection mechanism is proposed to choose appropriate path number according to the characteristics of time-varying fading channel. The selection procedure of the path number is described as follows. In the first step of the proposed mechanism, the pilot signals in the first OFDM data block are used to estimate (ĥ , ) ×1 . In the second step, the preliminary estimates of channel frequency response at pilot tones (H ℓ , ) ×1 for ℓ = 2, 3, . . . , are obtained from (19), and in the third step, the fine correction factors at pilot tones (C 
where 2 2 is defined as the threshold of ((Ĥ 
The number of paths can be adaptively selected for the largest , ,ℓ and the smallest , ,ℓ in the first OFDM data block or in each of the OFDM data blocks.
Simulation Results
The function of the proposed adaptive path number selection mechanism is simulated in MIMO-OFDM fading channel. The features for a mobile OFDM system include a bandwidth of 10 MHz and 64 subcarriers, the measured signal interval = packet time = 840 sec. Each transmitted packet contains 100 OFDM data blocks; the path number selections are conducted at the first data blocks. Four equally spaced pilot subcarriers, which are inserted in the positions of 8th, 24th, 40th, and 56th subcarriers in an OFDM data block, are applied for each of the transmitted OFDM data blocks. The six-path channel model listed in Table 1 , where the first three paths have no path delay and the interpath delay time after path three is 50 nsec, is employed to simulate mobile OFDM performance, so that = 4.
Two-ray Rayleigh fading channel and six-path fading channel with 13 nsec delay spread are used to test the bit error rate (BER) performance of the OFDM transceiver. In Figure 2 , two-ray Rayleigh fading channel is used to validate six-path fading channel with 13 nsec delay spread. Figure 2(a) shows the BER performance of OFDM transceiver using 16-QAM. Figure 2(b) shows the BER performance of OFDM transceiver using 64-QAM. For demonstration we have chosen 120 km/hr and 200 km/hr; performance for high speed, that is, 200 km/hr, seems to degrade than the performance for system with less speed, that is, 120 km/hr, because at higher speed the channel behaves as a fast fading channel and for slower speed channel behaves as a slow fading channel [8] .
The test results show that the BER performance of the OFDM transceiver in the high-speed time-varying fading channel will be reduced to less than 10 −5 at the minimum SNR of 12 dB for 16-QAM and 28 dB for 64-QAM at 120 Km/hr. For 200 Km/hr user speed, the performance of 64-QAM OFDM transceiver over six-path fading channel with 13 nsec delay spread degrades to unacceptable levels.
For the purpose of the diversity gain, a simple 2 × 2 SFBC is combined with the OFDM system, where the adaptive path number selection mechanism is employed for each transmit-receive antenna pair. Let two frequency-domain data signals at two consecutive subcarriers be encoded using Alamouti code and transmitted from two antennas. Since the channel response for that subcarrier within one SFBC block is stationary, then the maximum-likelihood symbol detector is used to detect the transmitted symbols.
The BER performance of the 2 × 2 SFBC-OFDM system in terms of 16-QAM and 64-QAM modulations over the sixpath fading channel with 13 nsec and 26 nsec delay spread is shown in Figures 3 and 4 , respectively, where the user speed is set as 200 km/h. The calculations of 13 nsec and 26 nsec root mean square (rms) delay spread are shown in the appendix. For OFDM system, the channel is frequency nonselective fading if the delay spread is in the range of (0, 20 nsec), and the channel is frequency selective fading if the delay spread exceeds 20 nsec [8] . It is observed that the acceptable BER (<10 −5 ) for QAM modulated MIMO-OFDM systems operated in fast-varying fading channels can always be achieved by employing the proposed path number selection mechanism. In Figure 4(a) , the BER value of the 16-QAM modulated MIMO-OFDM systems employing the proposed path number selection mechanism over frequency nonselective fast fading channels with 13 nsec delay spread is lower than ℓ = 4 and slightly higher than ℓ = 2 and 3 in the region of interest (BER < 10 −5 ). The required / 0 for the acceptable BER is low for all cases. It indicates that the MIMO mode is not necessary to be used for the 16-QAM OFDM systems when the delay spread is small. In Figure 4 (b), the gain of the 64-QAM modulated MIMO-OFDM system employed the proposed adaptive path number selection mechanism in frequency nonselective fast fading channel with 13 nsec delay spread exceeds 1 dB compared with ℓ = 4, and its BER value is slightly higher than ℓ = 2 and 3 in the region of interest. In frequency nonselective fast fading channel, choosing smaller number of paths can get the smaller mean square error in channel impulse response estimate. Figure 4 shows that the BER value of the QAM modulated MIMO-OFDM systems employing the proposed path number selection mechanism over frequency selective fast fading channels with 26 nsec delay spread is lower than ℓ = 2 and 3 and slightly higher than ℓ = 4 in the region International Journal of Antennas and Propagation of interest. The error floors of the BER performance appear at an / 0 of about 8 dB for 16-QAM (curve ℓ = 2) and about 15 dB for 64-QAM (curves ℓ = 2 and 3), respectively. The frequency selectivity of the multipath fading channel increases with its delay spread. In a frequency selective fast fading channel, the BER of the MIMO-OFDM decreases with an increase of the path number due to more linear interpolation loss are generated by using less path number in frequency selective fast fading channel. By examining Figures  3 and 4 , it is concluded that the pilot-based channel estimate using the proposed path number selection mechanism at the first data block can satisfy the OFDM system performance requirements under different operating conditions of timevarying fast fading channels. In Figure 5 , the BER value of the QAM modulated OFDM system employing the proposed path selection mechanism over time-varying fading channels with 13 ns delay spread is lower than ℓ = 4 and slightly higher than ℓ = 2 and 3. Figure 6 shows that the BER value of the QAM modulated OFDM systems employing the proposed path selection mechanism over time-varying fading channels with 26 ns delay spread is lower than ℓ = 2 and 3 and slightly higher than ℓ = 4. The frequency selectivity of the multipath fading channel increases with its delay spread.
Conclusions
An adaptive path number selection mechanism is proposed to improve the accuracy of the pilot-based channel estimation approach for QAM modulated MIMO-OFDM systems operating in time-varying fast fading channels. The fine correction factors are derived. It is demonstrated that the number of paths is scalable and adaptively changed with the characteristics of time-varying MIMO-OFDM fading channels to provide a suboptimum BER performance for QAM modulated 2 × 2 SFBC-OFDM systems operated either in frequency nonselective fast fading or in frequency selective fast fading channels. The parameters listed in Table 1 represent for rms delay spread rms = 23 nsec. As an example steps involved in the calculation of rms = 23nsec using the values in Table 1 will be shown. From Table 1 , the Tap powers ( ) are 0 dB, −6.5 dB, −14.4 dB, and −17.5 dB at Excess delay 0 nsec, 50 nsec, 100 nsec, and 150 nsec, respectively. We first normalize these Tap powers to get values 0.9751 W, 0.2183 W, 0.0354 W, and 0.0173 W at Excess delay 0 nsec, 50 nsec, 100 nsec, and 150 nsec respectively. Normalized tap delay powers are weighed using weighing factor [ ]. As an example, if weighing factors were found to be 0.7099-0.4263i, −0.6830-0.3211i, −0.393-0.4039i, and −0.0443-0.0841i for excess delay at 0 ns, 50 ns, 100 ns, and 150 ns, respectively. Taking the absolute values for the tap delay power and the weighing factor we get final tap powers 0.8074, 0.1648, 0.0200, and 0.0016 at Excess delay 0 nsec, 50 nsec, 100 nsec and 150 nsec, respectively thus, calculating rms delay spread using (A.8) [12] : Similarly, tap powers 0 db, −18.5 dB, −21.4 dB, and −24.5 dB for Excess delay 0 ns, 50 ns, 100 ns, and 150 ns, respectively, for rms = 13 nsec and tap powers 0 db, −6.5 dB, −7.5 dB, and −8.5 dB for Excess delay 0 ns, 50 ns, 100 ns, and 150 ns, respectively, for rms = 26 nsec.
